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ABSTRACT  In order to understand the effect of aerodynamic intake loads on the F-111 FS496 nacelle 
former and surrounding intake structure, an “envelope” approach has been developed for the stress analysis 
of FS496 when the distributions of air pressure along the intake wall are not known. This approach assumes 
that the distributions of the air pressures along the wall of the intake structure are within an envelope.  The 
envelope is defined based on three fluid dynamic theory approaches: conventional incompressible flow, 
conventional compressible flow, and a new pseudo-compressible flow approach. The simplified pseudo-
compressible approach produced similar predictions to the more complex conventional compressible 
approach.  The results provide boundary conditions for a future CFD model of the F-111 air intake, as well 
as an initial estimate of the stress on the F-111 FS496 nacelle former.  
1   INTRODUCTION 
Cracking of the fuselage station 496 (FS496) nacelle formers on the F-111 aircraft has been a 
problem for both the Royal Australian Air Force (RAAF) and the United States Air Force (USAF) 
[Ignjatovic, 2003].  The FS496 nacelle former,  as shown in Figure 1 of [Chen et al., 2004b], is a 
primary structure supporting the engine intake and its failure is likely to result in catastrophic loss 
of the aircraft. There has been a lack of general understanding of cracking issues for this structure 
so that an investigation of the causes of cracking is important.  
The problem can be divided into two cases.  In the first case, the air pressure distributions 
for certain flight conditions were known from available database sources and publications, so these 
air pressures could be applied directly to the intake nacelle wall. A sensitivity study was 
subsequently carried out to compare a real pressure distribution and different functions representing 
the pressure distribution.  It was concluded that the results were not greatly affected by the different 
functions.  The results have been documented in [Chen et al., 2004b]. 
For the second case, there were other flight conditions where the air pressure distributions 
along the intake wall were not available, so the intake forces along the fuselage direction were 
analytically derived [Chen et al., 2004a]. However, it is very difficult to directly apply the forces to 
the intake nacelle in Nastran as it is not directly supported to calculate the orientation of a normal of 
an element. In order to overcome this difficulty, an “envelope” approach has been developed. This 
approach assumes that the distributions of the air pressures along the wall of the intake nacelle are 
within an envelope.  The envelope is defined based on the aforementioned conclusion drawn from 
the first case above, using three fluid dynamic theory approaches. Approach I, uses conventional 
incompressible theory and does not consider the change of density, and is expressed by explicit-
form solutions. Approach II, using conventional compressible theory, is closer to the reality of 
airflow problems with a consideration of density changes, but has no explicit-form solutions.  A 
new pseudo-compressible approach, Approach III, is developed in this paper to produce explicit-
form solutions while considering the change of density, and thus is expected to be easy to 
implement with reasonable accuracy.  
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2      ENVELOPE METHOD 
For a jet engine [Hueneche, 2001 and Cox, 1981] there are five major turbo-machinery components: 
air intake, compressor, combustion chamber, turbine, and exhaust section.  The entrance to the air 
intake is defined as Station 1, and Station 2 defines the entrance to the compressor or compressor 
face. The flow between Station 1 and Station 2 is studied here. 
  Finite element analyses using MSC Nastran [Msc. Nastran, 2001] were performed to 
calculate the stresses at FS496, giving consideration to the air pressure loads along the wall of the 
intake nacelle. A sensitivity study was subsequently carried out to compare a real pressure 
distribution and different functions representing the pressure distribution.  The stress analyses for 
the two cases were carried out. In the first case, the stress analysis was performed with the real 
pressure distributions from [Evans, 1971] between Station 1 and Station 2. In the second case, the 
stress analysis was carried out with the pressure distribution between Station 1 and Station 2 being 
represented by different functions, eg: linear and second order polynomial functions.  It was found 
that the results for the aforementioned two cases were very similar, detailed in [Chen et al., 2004b]. 
Therefore,  a linear function can be assumed to represent the pressure distribution between Station 1 
and Station 2, and this function can be analytically derived from the pressure values at Station 1 and 
Station 2. 
   The notation for the location of Station 1 is x=x1 and the location of Station 2 is x=x2. The 
static pressure at Station 1 is p=p1,  and the static pressure at Station 2 is p=p2.  From the above 
analyses, a linear function can be assumed for the static pressure distribution between Station 1 and 
Station 2. If p is denoted as the pressure at a point x between Station 1 and Station 2, the linear 
function can be expressed as:  
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   Similarly, if the total pressure at Station 1 is p=pt1,  and the total pressure at Station 2 is p=pt2,  
then a linear function can be assumed as the total pressure distribution between Station 1 and 
Station 2. If  pt is denoted as the total pressure at a point x between Station 1 and Station 2, the 
linear function can be expressed as:  
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         If the values of static pressure and total pressure p1, p2, pt1 and pt2  at Station 1 and Station 2 
are known, the static pressure and  total pressure between these stations can be calculated from 
Equations (1) and (2). The bottom of the envelope between Station 1 and Station 2 is defined by a 
curve derived from Eq (1), whilst the upper line of the envelope is defined by a line from Eq (2). 
According to the geometric characteristics of the intake, it is assumed here that the bottom line 
approximately defines the lower band of pressures, while the upper line defines the upper band of 
pressures within the intake. Thus this method is called an envelope method. The next step is to 
derive the static and total pressures at Station 1 and Station 2, as detailed in the following sections. 
3    APPROACH I: INCOMPRESSIBLE FLUID FLOW THEORY  
First of all, a simple approach based on incompressible fluid flow theory [Pao, 1961] is used to 
derive the pressures at Station 1 and Station 2. In order to analytically derive the pressure values, 
imitating Froude’s momentum theory of propulsion, the incompressible and isentropic flow 
assumptions are used for the intake region.  Although the fluid receives energy from the engine, 
Bernoulli’s equation may not be applied through the engine; however for the intake, as the gas 
worked on is wholly atmospheric air, it can be assumed that Bernoulli’s equation may be applied 
within this region. At Station 1, the area is  1A , the velocity of the air is 1u , and the density 1ρ ; at 
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Station 2, the area is  2A , the velocity is 2u , and the density is 2ρ . According to incompressible 
fluid theory,  ρρρ == 21 . If the mass flow is denoted as  m& , then according to its definition, the 
velocity at Station 2 can be derived as: 
22 / Amu ρ&=                      (3) 
  Utilising Bernoulli’s  equation, the total pressure can be written as: 
 2222 2
1 uppt ρ+=                                           (4) 
 Substituting Equation (3) into Equation (4):  
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For the isentropic case: 
 21 tt pp =                      (6) 
Therefore from Equation (6), the pressure at Station 1 can be derived as: 
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Equations (5), (6) and (7) are the results of the pressure at Stations 1 and 2 for the propulsion 
system using Approach I. In this model, any density changes for the intake region are ignored. 
However, during high-speed flight, compression shocks may possibly develop in the intake causing 
a significant rise in the density and pressure, therefore, this approach is only suitable for low speed 
flight conditions.  
4    APPROACH II: COMPRESSIBLE FLUID FLOW THEORY   
An alternative to Approach I is to determine pressures at Stations 1 and 2 using the more 
complicated compressible fluid flow theory [Shapiro, 1953], which is quite involved as involves as 
detailed in [Chen et al., 2004a]. Therefore,  only some related steps and solutions are given as per 
the following.  
In this approach, the flow in the intake is considered as real compressible flow through a 
varying channel. Variations in properties are brought about by cross sectional area. One 
dimensional, steady flow of a perfect gas is assumed in order to reduce the equations to a workable 
form. In this approach, stagnation properties [James, 1993] define a reference state for compressible 
flow.  At Station 1, the Mach number is M1, the density is 1ρ , and the speed of sound is 1a . At 
Station 2, the Mach number is M2, the density is 2ρ , and the speed of sound is 2a .  For a perfect gas 
with constant specific heats, the ratio (γ) of specific heat at constant pressure to specific heat at 
constant volume is: 4.1=γ .  At Station 1, we have:  
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At the Station 2: 
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the speed of sound 2a  can be expressed as: 
222 RTa ρ=                              (10) 
Here, R is a gas constant. Whence, the velocity at Station 2 is:  
222
aMu =                                          (11) 
Similarly, if the mass flow is denoted as m& , then according to its definition:    
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222 Aum ρ=&                    (12) 
and:  
222 / RTp=ρ                    (13) 
Solving the simultaneous equations (9)-(13), the implicit solutions of 2M  and 2p  can be obtained, 
which, however, are not explicit forms. The equation of the conservation of mass is expressed as : 
 111222 AuAum ρρ ==&                              (14) 
Expanding Eq (14) in terms of total pressure and temperature, and then considering 
21 tt pp = and 21 tt TT = , it can be expressed as: 
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Substituting the implicit solution of M2 into Eq (15) and solving it, the solution of 1M can be 
obtained, but has no explicit form either. Substituting the implicit solution of 1M  and Eq(8)  into Eq 
(6)  gives the solution of 1p , which can be expressed as: 
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Along with implicit solution of 2p ,  this is the result for the pressure from Approach II in which 
compressible theory has been used. This approach would suit low, medium and high-speed flight 
conditions, but has no explicit form solution and is less easy to implement. It is not valid if shock 
forms between Stations 1 and 2. 
5 APPROACH III: PSEUDO-COMPRESSIBLE APPROACH 
Because of its simplicity and advantages, incompressible fluid theory has been widely applied in 
engineering practice. There is a lot of literature in which incompressible fluid theory is used rather 
than compressible fluid theory for engineering practices. For airflow cases, compressible fluid 
theory is closer to reality. Therefore, it can be assumed that this theory produces more accurate 
results. A new approach, namely pseudo-compressible, is developed here which increases accuracy, 
maintains the advantages of simplicity and delivers explicit solutions, and hence easy 
implementation.  In this approach the following assumptions are made: (1) there are no temperature 
and height changes through the intake being considered, (2) at low speed flight conditions, 
providing that pressure changes are small, Bernoulli’s equation is still utilised, even though it is 
recognised that density changes occur within the intake.  Thus this approach is termed here as the 
pseudo-compressible approach. Dependent on the above assumptions, this pseudo-compressible 
approach is developed with the important relationships are presented here. At Station 2, using 
conventional Bernoulli’s equation the total pressure can be written as: 
 2222122 uppt ρ+=                                                                              (17) 
Noting: 
 222 Aum ρ=&                    (18) 
Rearranging the above formulation, it becomes: 
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Substituting Eq (19) into Eq (17), Bernoulli’s equation can be reformed as: 
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which is called the reformed Bernoulli’s equation here. The reformed Bernoulli’s equation is the 
key point, which makes explicit solutions possible while at same time considering the change of 
density. The density can be expressed as  
RTp /22 =ρ                    (21) 
Solving the simultaneous equations (18), (20) and (21), the explicit solutions for p2  can be obtained, 
the final solution is given here: 
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At Station 1, the reformed Bernoulli’s equation can be expressed as: 
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Accounting for Equations (23), Equation (6) and the solution of 1u , the solution of 1p  can be 
derived.  The final result is given here: 
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Formulations (22) and (24) are the results for the pressures at Stations 1 and 2 for the propulsion 
system using Approach III, which are simple and explicit in form and easy to implement.  In this 
model, the density changes for the intake region are considered, while Bernoulli’s equation is still 
used. Therefore, this approach could be suitable for low and medium speed flight conditions where 
ρ∆  is small. 
6        RESULTS AND DISCUSSION   
Table 1 shows the analytical solutions and comparisons of the pressures at Stations 1 and 2 for the 
F-111 intake, according to the three approaches, for different free stream Mach numbers denoted as 
M. The properties for standard atmospheric air come from the references [ICAO, 1964] and [Banes et 
al, 1967]. The altitude is at sea level and the temperature is 14.63o C. The comparisons of the results 
of the velocity at Station 1 and density are plotted in Figures 1 and 2. As can be seen, the 
differences between Approach I and Approach II are greater than the ones between Approach II and 
Approach III. If the results from Approach II are closer to reality for this type of study, then the 
results from Approach III are more accurate than the ones from Approach I.  
 
Table1. Analytical solutions of pressures at Stations 1 and 2 and comparisons of 3 approaches 
 
Pressures for 
Approach I 
Pressures for 
Approach II 
Pressures for 
Approach III 
Differences 
between 
Approaches  
I and II (%) 
Differences 
between 
Approaches 
II and III (%) 
Free 
Stream 
M 
  p1 
kPa 
p2  
kPa 
pt1 
kPa 
pt2 
kPa 
 P1 
kPa 
p2 
kPa 
pt1 
kPa 
pt2 
kPa 
 p1 
kPa 
p2 
kPa 
pt1 
kPa  
pt2 
kpa P1 P1 
0.00 74.9 82.4 90.5 90.5 65.7 80.2 90.5 90.5 69.8 81.0 90.5 90.5 13.89 6.15 
0.10 77.8 86.1 95.1 95.1 68.9 84.2 95.1 95.1 73.2 85.1 95.1 95.1 12.83 6.20 
0.20 80.0 88.9 98.5 98.5 71.5 87.2 98.5 98.5 75.8 88.1 98.5 98.5 11.98 6.10 
0.30 82.9 92.3 102.5 102.5 74.6 90.9 102.5 102.5 79.1 91.8 102.5 102.5 11.09 6.07 
0.40 86.5 96.9 107.9 107.9 78.8 95.8 107.9 107.9 83.5 96.7 107.9 107.9 9.79 5.86 
0.50 91.4 102.7 114.9 114.9 84.5 102.1 114.9 114.9 89.2 103.1 114.9 114.9 8.18 5.61 
0.60 97.4 110.1 123.8 123.8 91.7 110.2 123.8 123.8 96.5 111.3 123.8 123.8 6.19 5.25 
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Figure 1. Comparisons of the results of velocity from the three approaches. 
 
 
Figure 2. Comparison of the  density from the three approaches 
 
Here the case of M=0.4 is used as an example. Substituting the results for M=0.4 in Table 1 into 
Eqs (1) and (2), three envelopes for the three approaches can be constructed as shown in Figure 3. 
In this figure, the envelope with the solid line comes from Approach I, the one with the dotted line 
from Approach II and the one with the broken line from Approach III. The bottom line for each 
envelope represents the static pressure distribution between Station 1 and Station 2 for each 
corresponding approach. Applying this pressure distribution at the desired location in the FE model, 
detailed in  [Chen et al., 2004b], the stresses at FS496 can be obtained,  which  represent the lower 
bound of stress values shown in Table 2 and is estimated to be close to the true value.  Similarly, the 
upper line for each envelope represents the total pressure distribution between Station 1 and Station 
2 for each corresponding approach. The total pressure would be the maximum value of the pressure 
within the intake. Applying the total pressure distribution to the desired location in the FE model, 
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the stresses at FS496 can be obtained that represent the upper bound of stress values. The 
estimations of von Mises stress near the critical location (lower inboard forward flange) of the 
FS496 former depicted in [Chen et al., 2004a] from the three approaches are listed in Table 2. There 
is a 5% difference between Approach I and Approach II, and a 3% difference between Approach II 
and Approach III for the lower bound. 
 
 
Figure 3 Envelopes for M=0.4 from three approaches,  with dotted lines from Approach I, solid lines from 
Approach II and broken lines from Approach III. 
 
Table 2. Estimations of von Mises stresses at the lower inboard forward flange of FS496 when 
M=0.4 from three approaches 
 
Stress 
Values 
Approach I Approach II Approach III 
Upper 
bound 51.5 MPa 51.5 MPa 51.5 MPa 
Lower 
bound 41.9 MPa 39.9 MPa 41.2 MPa 
 
Compression shocks [Cumpsty, 1997] can develop for high speed flights, causing a rise in the 
density and pressure. For Approach I, the changes in density for the intake region are ignored. 
Therefore this approach is suitable only for very low speed flight conditions. For Approach III, 
when studying the gas at low speed, the density changes little.  It is therefore permissible to use 
Bernoulli’s equation as a reasonable approximation. The inaccuracy becomes significant when 
dynamic pressure becomes a significant fraction of the absolute pressure of the gas. Therefore this 
approach could be suitable for low and medium speed flight conditions. For Approach II, 
compressible theory is used, and it would be suitable for all speed conditions, however, it has no 
explicit form and is more complicated than the other two models.  Comparing with Approach II, 
Approach I and III have simpler and explicit forms and would be easier to apply.  When the Mach 
70000
80000
90000
100000
110000
11.23 12.23 13.23 14.23
FS Station (m)
P
re
ss
ur
e 
(p
a) Approach I 
Approach III 
Approach II 
SIF2004 Structural Integrity and Fracture. http://eprint.uq.edu.au/archive/00000836 
 
number is nearer to 1.0,  Bernoulli’s equation is quite inappropriate, hence Approach I and III 
should not be used. For the cases studied here, only Approaches II and III can be used. 
7    CONCLUSIONS 
An envelope approach has been developed for a stress analysis for the case where distributions of 
air pressure along the intake wall are not known. Three analytical approaches have been developed 
to derive the aforementioned envelopes.  Approach I, using conventional incompressible theory 
without considering changes of density, has explicit-form solutions, thus is simple and easy to 
implement, but is least accurate. Approach II, using conventional compressible theory, is closer to 
the reality of airflow problems by considering the changes of density, thus is more accurate but has 
no explicit-form solutions and thus is relatively more complicated and difficult to apply. A new 
pseudo-compressible approach, Approach III, was developed in this paper to consider the change of 
density to produce reasonably accurate results, with the advantages of explicit-form solutions, 
which are easy to implement. The predictions from Approach III are closer to those of the more 
complex conventional compressible theory of Approach II compared to those of Approach I. The 
results of the pressures at Stations 1 and 2 provide boundary conditions for a future three 
dimensional CFD model of the F-111 intake. For the cases studied here, only Approaches II and III 
can be used and Approach III is recommended. 
The envelope method provides an initial estimate of the stress on the F-111 FS496 nacelle 
former. It is estimated that the lower bound would be reasonably close to the real values, which 
requires further validation from CFD.  The “envelope” approach developed here would be a simple, 
practical and useful engineering method for the cases studied, saving time and effort for CFD 
analysis, especially when the CFD software is not available. Furthermore, use of this method can be 
extended to other similar engineering problems.  
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